Many molecular studies describe how components of the proximal promoter affect transcriptional processes. However, these studies do not account for the likely effects of distant enhancers or chromatin structure, and thus it is difficult to conclude that the sequence variation in proximal promoters acts to modulate transcription in the natural context of the whole genome. This problem, the biological importance of proximal promoter sequence variation, can be addressed using a combination of molecular and evolutionary analyses. Provided here are molecular and evolutionary analyses of the variation in promoter function and sequence within and between populations of Fundulus heteroclitus for the lactate dehydrogenase-B (Ldh-B) proximal promoter. Approximately one third of the Ldh-B proximal promoter contains interspersed regions that are functionally important: (1) they bind transcription factors in vivo, (2) they effect a change in transcription as assayed by transient transfection into two different fish cell lines, and (3) they bind purified transcription factors in vitro. Evolutionary analyses that compare sequence variation in these functional regions versus the nonfunctional regions indicate that the changes in the Ldh-B proximal promoter sequences are due to directional selection. Thus, the Ldh-B proximal promoter sequence variations that affect transcriptional processes constitute a phenotypic change that is subject to natural selection, suggesting that proximal promoter sequence variation affects transcription in the natural context of the whole genome.
Introduction
Does natural sequence variation in protein/DNAbinding sites play an important role in modulating transcription rates? Evolutionary analyses can help address this question. Molecular traits are biologically important if they evolve by natural selection, because natural selection only acts on a trait if it affects fitness. Evolutionary analyses can thus supplement experimental analyses and provide a means to determine if subtle variations in protein/DNA-binding sites are biologically important (i.e., effecting a phenotypic change that affects an organism's longevity, reproductive fitness, or probability of survival). One method used to discern if a DNA sequence is evolving by natural selection is to examine the pattern of sequence variation among silent substitutions versus substitutions that alter function or structure (McDonald and Kreitman 1991) . This method has been applied to the sequence variation in the enhancer that regulates the developmental expression of the Drosophila even-skipped homeobox gene (eve [Ludwig and Kreitman 1995] ). Molecular analyses suggest that protein/DNA-binding sequences within the eve enhancer should have few substitutions within and among closely related species, because even a few changes would severely alter developmental processes. However, the substantial sequence variation in these regions is not different from expected neutral patterns. Ludwig and Kreitman (1995) suggest that the random variation in the eve enhancer is tolerated because of the redundancy of enhancer elements. These results, unlike those of the molecular analyses, suggest that some sequence variation is acceptable and thus emphasize the contribution that evolutionary analyses can make to-ward understanding the significance of regulatory sequence variation. Reported here is an analysis of the Fundulus heteroclitus lactate dehydrogenase-B (Ldh-B) proximal promoter (DNA sequences within a few hundred base pairs of the start of transcription [Ernst and Smale 1995b] ). We seek to determine if proximal promoter sequence variation is biologically important by establishing whether this regulatory region is evolving by natural selection.
DNA sequences in the proximal promoter bind transcription factors, accurately position RNA polymerase II, and direct the rate of polymerase initiation (Roeder 1991; Smale 1994; Ernst and Smale 1995a; Yean and Gralla 1997) . One of these sequences in the proximal promoter is TATA at Ϫ30 bp (relative to the start of transcription), which binds the transcription factor TFIID; an essential factor for all mRNA transcription (Roeder 1991; Smale 1994) . However, many promoters lack a TATA sequence (e.g., approximately 50% in Drosophila [Arkhipova 1995] ). Among TATA-less promoters, there is little similarity in TFIID-binding sequences (Roeder 1991; Azizkhan et al. 1993; Smale 1994) , and transcription may depend more on initiator sequences (Inr's), Sp1-binding sites, or interactions among binding sites within the proximal promoter (Martinez et al. 1994; Smale 1994; Emami, Navarre, and Smale 1995; Ernst and Smale 1995b; Weis and Reinberg 1997) . Many studies demonstrate how different components of the proximal promoter interact and affect transcriptional processes, but these studies do not account for the likely effects of distant enhancers and chromatin structure. Thus, it is difficult to conclude that the sequence variation in proximal promoters acts to modulate transcription in the natural context of the whole genome. This question, the biological importance of proximal promoter sequence variation, can be addressed using a combination of molecular and evolutionary analyses.
The Ldh-B locus in the teleost fish Fundulus heteroclitus provides a unique opportunity to apply both molecular and evolutionary approaches to proximal promoter function. In vivo transcription rates (measured by ← There is no significant difference between constructs with deletions between the 6fp and Sp1 sequences (P Ͼ 0.25). A, The Ldh-B proximal promoter is diagrammed, and the length and percentages of polymorphic sites are listed for functional (protein/ DNA-binding sites) and nonfunctional regions. The Ldh-B proximal promoter has TCC repeats instead of a TATA box, initiation of transcription sequences (Inr's) near the two major transcriptional start sites (bent arrows), and Sp1-like binding sequences (Segal et al. 1996) . Underlined with a thick black line are the three regions that bind proteins in vivo in Fundulus livers (''functional sequences'': 6fp, Sp1-like sequence, and TCC repeats; Segal et al. 1996) . B, Variation in transcriptional activity among F. heteroclitus individual promoters (as depicted in fig. 1A ) was assayed with rainbow trout hepatoma cells . The line extending from the boxes represents the standard error of means. Gray lines behind boxes are means for each population. Populations and experimental replicates are significant factors, but variation among individuals is not a significant factor (nested ANOVA: P Ͻ 0.001, P Ͻ 0.01, and P Ͼ 0.5, respectively). C, Promoter activity of functional regions, 6fp, Sp1, and TCC repeats, as assayed for a salmon cardiac cell line (CHH-1). The three in vivo footprinted regions were serially deleted, and promoter strength was assayed. Constructs with regions deleted are significantly different within a population (two-way ANOVA: P Ͻ 0.02). D, Promoter activity of 6fp and regions 5Ј of the Sp1-like binding sequence. Deletions are 1 bp, approximately 60 bp, and 150 bp 3Ј of 6fp. The 150-bp deletion is 4 bp 5Ј of the Sp1-like sequence. The last construct contains only the TCC repeat and Inr (without the Sp1 sequences) and was constructedfrom synthesized oligonucleotides. nuclear run-on assays) of the Ldh-B locus are twofold greater in livers from northern versus southern populations of F. heteroclitus (Crawford and Powers 1992) , resulting in a twofold greater LDH-B 4 enzyme concentration, which compensates for the colder northern temperatures (Crawford and Powers 1989 Segal and Crawford 1994) . The Ldh-B proximal promoter is TATA-less, has Inr sequences associated with multiple start sites, a cluster of Sp1-like sequences (Segal et al. 1996) , and considerable DNA sequence variation ( fig.  1A ). In vivo footprinting experiments using F. heteroclitus liver cells revealed that this sequence variation contributes to differential protein binding in three regions: the putative TFIID-binding site (TCC repeats), Sp1 sites, and a region immediately upstream, 6fp (Segal et al. 1996) . The sequence variation within the Sp1 sites affects the SP1-protein-binding affinities: northern Sp1 sequences have higher affinities for recombinant SP1 protein than do the southern Sp1 sequences (unpublished data). Moreover, this sequence variation affects transcriptional processes (Segal et al. 1996; unpublished data) . Similar Sp1-like sequences in other proximal promoters also affect transcription by altering interactions among different transcription factors (Bigger, Melnikova, and Gardner 1997) . Does this type of sequence variation matter? That is, if sequence variation in the proximal promoter has measurable effects on molecular assays, will it also alter gene transcription in the natural context of the genome, and if so, does this variation in transcription matter to the organism's fitness?
Provided here are data (1) on the sequence variation of the Ldh-B proximal promoter within and between species, (2) establishing how promoter strength varies within and between populations, and (3) confirming the functional importance of the three footprinted regions in the Ldh-B proximal promoter (6fp, Sp1, and TCC repeats). These data are used to examine the biological importance of the sequence variation by providing a more specific hypothesis for evolutionary analyses of the proximal promoter: functional regions will have evolved a greater number of fixed differences between populations (a fixed difference is a nucleotide site at which all individuals within a population share a common nucleotide that is different from the nucleotide in the other population). The evolutionary analyses presented here indicate that the three interspersed functional regions are evolving due to directional selection. Thus, the sequence variation in the Ldh-B proximal promoter is biologically important, suggesting that this variation effects a phenotypic change by altering transcription rates.
Materials and Methods

Genomic DNA and Constructs
Genomic DNAs were isolated from 6 northern (Wiscasset, Maine) and 10 southern (Meridian, Ga.) F. 
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NOTE.-Variable sites among northern (Maine) and southern (Georgia) F. heteroclitus and F. grandis. Positions of variable nucleotides are given above sequences. Numbers within sequences refer to specific gaps (see gap code below). Total variable sites ϭ 46. Within F. heteroclitus, 31 sites are variable (12 of these are gaps), and 8 are fixed differences between populations. The symbols below the sequences indicate (0) polymorphisms, (F) fixed differences, and (*) variation within F. grandis or between species. The second line of symbols (SGP) indicates whether homologous sites were variable in Schulte, Gomezchiarri, and Powers (1997) ; symbols are the same as above, and ''ͦ'' indicates that a site was not variable in Schulte, Gomezchiarri, and Powers (1997) . Comparisons of variation within F. grandis were not made because only a single individual was used by Schulte, Gomezchiarri, and Powers (1997) . Gap code: 1 ϭ CAT, 43-45; 2 ϭ CCCTCCC, 167-173; 3 ϭ CCT, [178] [179] [181] [182] [183] 4 ϭ GGCCA, [202] [203] [204] [205] [206] 5 ϭ TCC, [229] [230] [231] [232] [233] [234] [236] [237] 6 ϭ TGC, [236] [237] heteroclitus individuals, as well as from two Fundulus grandis individuals (Panacea, Fla.). DNA was prepared as described previously (Segal et al. 1996) , and detailed protocols are available at http://sgi.bls.umkc.edu/funnylab/ DLCprotocols.html.
Genomic DNA isolated from different individuals was used to amplify approximately 300 bp ( fig. 1A ) of the Ldh-B proximal promoter. Polymerase chain reaction (PCR) used Taq polymerase and primers specific to the Ldh-B 5Ј mRNA leader and a conserved region that is 5Ј of 6fp (an in vivo footprinted region [Segal et al. 1996] ). Each primer had either a KpnI or a XhoI site added to the 5Ј end. Each of these promoters was digested with KpnI and XhoI, ligated into the KpnI and XhoI site of pBSKS Ϫ (Stratagene) and sequenced twice in both directions with Sequenase (U.S. Biochemical). To verify individual polymorphisms, genomic DNA was reamplified and directly sequenced with an ABI automatic sequencer. All proximal promoter sequences are available from GenBank (accession numbers AF082687-AF082704).
Sequences were aligned with CLUSTAL V (Higgins, Bleasby, and Fuchs 1992). The initial alignment was modified to reduce the number of differences between populations: introducing a single 5-bp gap plus a second single-base-pair gap removed eight fixed differences within the Sp1-binding sequence. This alignment is the most conservative: modification greatly reduced the number of polymorphic characters, introduced fewer fixed differences between populations, and thus reduced the maximum-parsimony tree length. Every gap was further reduced to a single character (see table 1 ). The length of aligned sequences was reduced from 333 to 311 bp by these modifications. Alignments with and without reduced gaps are available at http:// sgi.bls.umkc.edu/funnylab/dlc/ppalign.html.
To quantify promoter activity, individual proximal promoters were subcloned with the use of XhoI and KpnI sites into a luciferase reporter plasmid, pGL3-basic (Promega, Madison). Two proximal promoters from each population did not have intact KpnI sites, and therefore neither were subcloned or assayed. All Ldh-Bluciferase constructs were sequenced using an ABI automatic sequencer at the University of Missouri, Kansas City.
Deletion Analyses
Two sets of deletions were made. In the first set of deletions ( fig. 1C ), using the original genomic northern and southern clones (Segal et al. 1996) , the three in vivo footprinted regions, 6fp, Sp1, and TCC repeats, were serially deleted with judicious use of restriction sites or PCR reactions. In the second set of deletions ( fig. 1D ), using M2 (Maine) and G6 (Georgia) DNA, unidirectional deletions of 6fp between 6fp and Sp1 sequences and the Sp1 sequences were completed with PCR using Ldh-B-specific primers. For these two deletion experiments, there is no variation between the northern proximal promoters, and only a few nucleotide substitutions occur between the southern proximal promoters in the nonfunctional region. Deletions were ligated into XhoI-KpnI or XhoI-HindIII-blunt sites of a luciferase reporter plasmid (pGL3 basic) and were sequenced in both directions. XhoI-HindIII-blunt subcloning was used for some Sp1-TCC-Inr-5Ј leader clones and for all TCC-Inr-5Ј leader clones. There was no significant difference in promoter strength between constructs that were ligated into KpnI sites and those that were ligated into HindIII-blunt sites.
Transfections
Two fish cell lines were used for determinations of promoter activity: rainbow trout hepatoma cells (RTH-149, ATCC, Rockville, Md.; fig. 1B and D) and salmon cardiac cells (CHH-1, ATCC; fig. 1C ). Transfections were performed as in Segal et al. (1996) . Each individual promoter or deletion was transfected in triplicate on different days, and each transfection was assayed in triplicate. Promoter activity is expressed as net relative light units (luciferase activity minus the negative control) normalized for transfection activity (net ␤-galatosidase activity, ␤-galatosidase activity minus the negative control). Promoter activity was further standardized by dividing by a constant: the mean activity for a southern proximal promoter (for data in fig. 1B ) or a southern promoter containing Sp1-TCC-Inr and 5Ј leader (for data in fig. 1C and D). This does not alter the statistical variance and makes it simpler to compare relative activity in different cell lines.
Footprinting
A northern (M2) and a southern (G6) proximal promoter cloned into pBSKS Ϫ (Stratagene, La Jolla, Calif.) was digested with XhoI (5Ј overhang) and KpnI (3Ј overhang), gel-purified, and end-labeled with 32 P-dCTP using the large subunit of DNA polymerase I (Klenow). Experiments typically used 0.5 footprinting units (fpu's) of purified recombinant human SP1 protein (rhSP1, expressed in HeLa cells; Promega) per reaction. Controls lacked rhSP1. The rhSP1 and binding buffer (4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl [pH 7.5], 0.05 g/l poly dI·dC, and 1 mg BSA) were incubated on ice for 10 min before the addition of freshly labeled fragment. After the addition of labeled fragment, the reaction was incubated for 20 more min on ice, followed by the addition of 0.01 unit of RQ1-DNase (Promega) in MgCl 2 -CaCl 2 (final concentrations 10 mM and 2.5 mM, respectively) and incubated for 2 min at room temperature. DNase reactions were stopped by the addition of an equal volume of 30 mM EDTA, 2% SDS, and 200 mM NaCl at 37ЊC. Reactions were phenol-chloroform-extracted and ethanol-precipitated. Ethanol precipitates were resuspended in 4 l dH 2 O and 6 l of loading buffer (0.1M NaOH, formamide [1:2 v/v], 0.2% bromophenol blue, and 0.2% xylene cyanol). All reactions were heated to approximately 80ЊC for 2 min and then were electrophoresed in a 7 M urea 5% acrylimide gel. The gel was subsequently dried and subjected to autoradiography overnight with an intensifying screen. Varying MgCl 2 or poly dI·dC had no substantial effect.
Sequence Analyses
Six northern and 10 southern F. heteroclitus individual promoters were analyzed. The pattern of sequence variation in protein/DNA-binding regions (functional regions) versus that in nonfunctional regions was analyzed by examining the number of polymorphisms and fixed differences between F. heteroclitus populations. To determine the evolutionary processes affecting the Ldh-B proximal promoter, a modification of the McDonald-Kreitman test (McDonald and Kreitman 1991) was used. Specifically, the patterns of sequence variation among functional versus nonfunctional regions were compared instead of synonymous versus nonsynonymous sites. A similar application was used in the analysis of the eve enhancer (Ludwig and Kreitman 1995) . This statistical test has few assumptions. It distinguishes between natural selection and neutral evolutionary processes by examining the ratio of fixed functional substitutions (nonsynonymous, as originally used in the analysis of coding regions) to fixed nonfunctional substitutions (synonymous) between taxa relative to the ratio of polymorphisms within a taxon for these functional and nonfunctional regions. Unlike in the original application, two populations, not two species, were used. A two-tailed Fisher's exact test was use to test the null hypothesis that the sequence variation is random.
Phylogenetic analysis was applied to proximal promoter sequences of 16 F. heteroclitus and 2 F. grandis individuals. The phylogenetic relationship among these taxa is well-established (Wiley 1986; Cashner, Rogers, and Grady 1992; Bernardi and Powers 1995) , and the use of these three taxa is not for systematic purposes, but to determine which characters are derived. Phylogenetic analysis of proximal promoter sequences used both maximum-parsimony (PAUP 3.1) and maximumlikelihood methods (Felsenstein 1981 (Felsenstein , 1996 . Three tests were used to determine whether there is significant structure in the phylogenetic trees: the g-test, the PTP test, and the tPTP test (Faith 1991; Faith and Cranston 1991; Huelsenbeck and Hillis 1992) . The g-test measures the skewness of tree lengths: tree lengths with a significant left skewness indicate that relatively few solutions exist. PTP and tPTP are randomization tests for cladistic structure, comparing the observed tree length to the frequency of trees that have equal or shorter lengths from a randomization of the original data. The original data were randomized (100 times) among taxa, and the shortest tree for each randomization was determined. The relative frequency at which a random tree is as short or shorter is the probability. tPTP tests a specific tree-branching pattern or topology.
Results
Proximal Sequences
The proximal promoter is approximately 300 bp long, with approximately 240 bp 5Ј of the start of tran- 
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NOTE.-Sequences were retrieved from GenBank and include only homologous proximal promoters. Total variable sites ϭ 50. Within Fundulus heteroclitus, 47 sites are variable; 19 of these are gaps, and 6 are fixed differences between populations. The symbols below the sequences are as in table 1. Gap code: 1 ϭ CAT; 2 ϭ TTAGACCAT; 3 ϭ CCTCCCTC; 4 ϭ GGCCCC; 5 ϭ GGCCA; 6 ϭ TCC; 7 ϭ TGC. Gaps, 1, 2ϩ3, 4, 5, and 6 are homologous to Gaps 1, 3, 5, 6, and 7 (table 1), respectively. scription. When all gaps are reduced to a single character (table 1) , the overall lengths of the aligned sequences are 311 bp. The Ldh-B proximal promoter has a considerable amount of DNA sequence variation in ( fig. 1A ). Within the F. heteroclitus proximal promoters, 31 sites are variable, and among F. heteroclitus and F. grandis, 15 additional sites are variable (table 1) . Thus, in F. heteroclitus, 9.9% (31/311, or, if excluding gaps, 19/311 [6.1%] ) of the sites are polymorphic. Among F. heteroclitus and excluding gaps (number of sites ϭ 297), the nucleotide diversity is 0.018 (Jukes and Cantor 1969) , or per site is 0.019 ( ϭ 4Nu, where N is the effective population size and u is the neutral mutation rate). This represents per sequence of 5.73 for both populations and ranges from 0.876 (for the northern population) to 4.242 (for the southern population). This amount of variation is approximately 10-fold higher (9.9% vs. 0.9% polymorphic sites) than the amount of variation for the F. heteroclitus Ldh-B proximal promoter reported by Schulte, Gomezchiarri, and Powers (1997) . Although these results appear incongruent, nearly all of the variable sites described here, and several more, were found in this other study (tables 1 and 2). Differences in alignment, spacing, and how sequences surrounding gaps (but not gaps themselves) were handled may account for the difference.
Eight fixed differences occur between F. heteroclitus populations (table 1) . Excluding gaps, the average nucleotide differences between populations (Dxy) is 7.93, or a Dxy per site of 0.0267 (Jukes and Cantor 1969) . This is the minimal number of fixed differences: the original CLUSTAL alignment yielded 14 fixed differences. The number of fixed differences was reduced to 8 by the introduction of a single-base-pair gap into all southern sequences at position 188 (relative to G1) and a 5-bp gap in all northern sequences at position 192. Thus, 8 of the original 14 fixed nucleotide differences were reduced to two fixed gaps. Six of the eight fixed differences were also found in an independent analysis of the F. heteroclitus Ldh-B promoter (tables 1 and 2; Schulte, Gomezchiarri, and Powers 1997) . The two other fixed differences provided in this study were polymorphic in the southern population as described by Schulte, Gomezchiarri, and Powers (1997) . One of these sites is the consensus Sp1 sequence (GGGCGG/ CCGCCC [Dynan and Tjian 1983] ), found only in the southern population. In both studies, all northern individuals have G→C transversions (GGGCCG). In this study, the consensus Sp1 site is found in all southern individuals: 10 southern individuals had only a single C forming the consensus Sp1 site. All DNAs were originally sequenced four times per base pair, and northern and southern individuals' sequences were electrophoresed next to each other. These procedures demonstrated that the spacing and nucleotides for this Sp1 region were consistently different between populations. In summary, a large percentage of sites in the Ldh-B proximal promoter are variable based on the sequences from the two populations in this study and in five populations provided by Schulte, Gomezchiarri, and Powers (1997) . Approximately 20%-26% (8/31 reported here or 6/31) of these polymorphic sites represent fixed differences be-tween northern (Ͼ44ЊN) and southern (Ͻ32ЊN) populations.
Promoter Activity and Sequence Variation
Does natural sequence variation affect promoter activity? To answer this question, individual Ldh-B proximal promoters (as in fig. 1A and table 1) were isolated from northern and southern fish and ligated into luciferase reporter plasmids, and their promoter strengths were determined by transient transfection into a liverderived fish cell line (rainbow trout hepatoma, RTH-149, fig. 1B ). The promoters from northern populations had significantly greater transcriptional activity than did the southern promoters ( fig. 1B) . However, despite the extensive DNA sequence variation, especially within the southern population, individual promoters within a population are not a significant source of variation (nested ANOVA, fig. 1B) . Thus, only the fixed sequence differences between populations effect a difference in transcription when assayed in this cell line.
Functional Regions in the Ldh-B Proximal Promoters
Three regions (TCC repeats, Sp1, and 6fp) in the Ldh-B proximal promoter bind nuclear proteins in vivo (Segal et al. 1996) . These three variable regions contribute significantly to promoter activity when assayed in fish cell lines that express Ldh-B (salmon cardiac and rainbow trout hepatoma lines [ fig. 1C and D] and salmon embryonic lines [Segal et al. 1996] ).
In salmon cardiac cells, promoters that lack 6fp, Sp1, or TCC-Inr have significantly reduced transcription rates (two-way ANOVA-promoters: P Ͻ 0.005; population: P Ͼ 0.1). In the southern proximal promoter, 6fp and TCC repeats had a significant effect on promoter activity (Fisher's LSD, P Ͻ 0.02). In the northern proximal promoter, Sp1 and TCC repeats had a significant effect on promoter activity (Fisher's LSD, P Ͻ 0.02). These salmon cardiac data indicate that all three protein/ DNA-binding regions affect transcription. The effect of these deletions is different between northern and southern promoters, suggesting that sequence variation can affect transcriptional processes.
Rainbow trout hepatoma cells were used to further investigate the effect of 6fp and Sp1 sequences and to more narrowly define these protein/DNA-binding regions ( fig. 1D ). These deletions support the locations of the 3Ј end of 6fp and the 5Ј end of Sp1-protein-binding regions: within a population, there is no significant difference in promoter activity among deletions between 6fp and Sp1 sequences (ANOVA, P Ͼ 0.25 in each population). These analyses ( fig. 1D ) also demonstrate that sequence differences between populations affect the function of 6fp and Sp1 (two-way ANOVA, P Ͻ 0.001 for populations and deletion constructs). Analysis of deletions within each population indicated that 6fp sequences have a significant effect on promoter activity (Fisher's LSD, P Ͻ 0.01) in both populations, and deletion of Sp1 sequences has a significant effect on northern populations (Fisher's LSD, P Ͻ 0.01). However, in rainbow trout hepatoma cells, the southern Sp1 sequences did not have a significant effect (Fisher's LSD, P Ͼ 0.05; fig. 1D ). The difference in the effect of deleting the Sp1 sequence may reflect the effect of the TCC-TFIID-binding-site polymorphism (southern TCC repeat vs. northern TCC-TTC repeats differentially affect transcription depending on Sp1 sequences; unpublished data).
Notice that these deletions replace the natural promoter sequences with identical plasmid sequences. Increasing the proximity of this plasmid sequence to the start of transcription had no effect on transcription ( fig.  1D ). In both salmon cardiac and rainbow trout cell lines ( fig. 1C and D) , replacement of protein/DNA-binding sites reduces transcription by an amount that depends on promoter sequence. The plasmid sequence does not have any promoter activity (see last deletion in fig. 1C ). However, it is possible that deletions and plasmid sequence could interact in unexpected ways. This was not seen with deletions between 6fp and Sp1 sequences ( fig. 1D ). Additionally, it does not explain why deletion of Sp1 has a larger effect on the northern promoters than on southern promoters in both cell lines, or why there are differences between populations in how 6fp affects transcription.
In TATA-less promoters, Sp1 binding has a pivotal role in initiating transcription (Zenzie-Gregory et al. 1993; Zhang et al. 1994; Colgan and Manley 1995; Block, Shou, and Poncz 1996; Chen et al. 1997 ). In the F. heteroclitus Ldh-B promoter, the Sp1-like binding sites ( fig. 2A ) consist of several heterogeneous sequences that match at least five of the six nucleotides for the canonical Sp1 binding site (GGGCGG [Dynan and Tjian 1983] ). All Sp1 sequences are on the antisense strand and are capable of activating transcription in this orientation (Smale et al. 1990 ; Zenzie-Gregory, O'Shea-Greenfield, and Smale 1992). The Sp1 sequences in the Ldh-B promoter can be divided into two regions: a GCrich region and a region represented by TCCC repeats. Within the GC-rich region is the only consensus Sp1 sequence (a 6-of-6-nucleotide match), and this consensus Sp1 site is found only in southern promoters.
In vitro footprinting ( fig. 2B ) was used to determine where SP1 is capable of binding within the Ldh-B proximal promoter. Specifically, does SP1 bind to both the TCCC and GC regions in the Sp1-like sequences? rhSP1 appears to bind most avidly to the TCCC repeat, as evidenced by this region having the greatest protection. Surprisingly, the least protection is provided to the perfect Sp1 sequence in the southern promoter. This observation is consistent with the differences in binding affinity between rhSP1 and the Ldh-B Sp1 sequences: the northern sequence has a lower Kd (greater affinity) than the southern Sp1 sequences (unpublished data). Additionally, when assayed in rainbow trout hepatoma cells, deletion of the northern Sp1 sequence has a significant effect on transcription, whereas the deletion of the southern Sp1 sequence is not significant (Fisher's LSD, P Ͼ 0.05; fig. 1D ). These data indicate that the complete Sp1-like sequences are capable of binding SP1 protein, and the sequence variation can affect protein/DNA interaction. 
Relevance of Molecular Assays
The use of human SP1 protein and heterologous fish cell lines may seem at first to generate more questions than answers: does Fundulus SP1 ''behave'' like human Sp1? Do the SP1 and other trans-acting factors from the salmon cardiac and rainbow trout cell lines demonstrate the same properties as the equivalent proteins from Fundulus? Does the proximal promoter ac-tivity measured in either cell line mechanistically reflect the activity that occurs in vivo? These are important questions, but they are not addressed above. In this study, the purpose of the molecular assays was to identify specific regions that bind a transcription factor or contribute to promoter activity. The three sequences within the F. heteroclitus Ldh-B proximal promoter that affect transcription were originally defined by in vivo Kreitman 1991) . Probability that this pattern of sequence variation is due to random or neutral evolutionary processes is rejected by a two-sided Fisher's exact test. Functional sequences were defined before analysis as those interspersed regions which bind proteins in vivo (6fp, Sp1, and TCC repeats; fig. 1) . B, Sliding-window comparison excluding insertions and deletions. Average nucleotide substitutions per site within the northern Fundulus heteroclitus population (P 1 1), within the southern F. heteroclitus population (P 1 2), and between F. heteroclitus populations (Dxy). Plots for the sliding window use a 50-bp-wide window with a 10-bp step size. Gray bars on the horizontal axis indicate the locations of windows whose midpoints include protein/DNA-binding sites. Thus, gray bars are 25 bp longer on each side than the actual binding site. Plots and computations used DnaSP software (Rozas and Rozas 1997). footprinting (Segal et al. 1996) . All of the molecular studies indicate that the three regions are functionally important: they affect transcriptional processes.
In the case of human SP1 in vitro binding, the specific question addressed is if and where an SP1-like protein binds. Specifically, does SP1 bind to both the GC and TCCC Sp1 sequences in F. heteroclitus? The only assumption is that the Fundulus SP1-like protein has sequence specificity similar to that of the human SP1 protein used here. This assumption is justifiable. Experimental analyses indicate that F. heteroclitus SP1-like protein binds the same sequences as rhSP1 and has the same specificity (unpublished data). Additionally, the three different SP1-like proteins (SP1, SP3, and SP4) have the same sequence specificity (Kingsley and Winoto 1992; Hagen et al. 1994 ). There may be differences in binding affinities among the different SP1 proteins, but the sequence specificities should be similar.
For the cell culture studies, all of the transfections indicate that the three regions affect transcriptional processes, albeit not quantitatively the same among cell lines. The quantitative difference in promoter activity could reflect differences in the quantity or posttranslational modification of transcription factors (e.g., glycosylation, phosphorylation) (Jackson and Tjian 1988; Jackson, Gottlieb, and Hartley 1993; Jane et al. 1993; Leggett et al. 1995; Apt et al. 1996; Daniel et al. 1996) . It is tempting to suggest that the results from hepatoma are more relevant because the greater northern Ldh-B transcription rate was measured with hepatocytes in vivo. Alternatively, evolutionary analyses indicating that the sequence variation effects a phenotypic change that is subject to natural selection may be more persuasive.
Evolutionary Analyses
Evolution by natural selection is responsible for the sequence differences between populations in the Ldh-B proximal promoter ( fig. 3A ). This is deduced by examining the pattern of promoter sequence variation between protein/DNA-binding sequences that affect transcription (functionally important) and those interspersed sequences with no known function (nonfunctional) (McDonald and Kreitman 1991; Ludwig and Kreitman 1995) . For the Ldh-B proximal promoter, functional sequences were defined prior to analysis as those regions which bind proteins in vivo (6fp, Sp1, and TCC repeats; fig. 1), affect transcription (fig. 1) , and bind a transcription factor in vitro (fig. 2) . The functional and nonfunctional regions have approximately the same number of polymorphisms. However, in the F. heteroclitus Ldh-B proximal promoter, all fixed differences between populations are in the functional region ( fig. 3A ). This is most readily visualized by plotting the average number of nucleotide differences per site between populations ( fig.  3B ). This pattern of variation is significantly different from the pattern expected by neutral evolutionary processes (two-tailed Fisher's exact test, P Ͻ 0.035) and thus is best explained by the Ldh-B proximal promoter evolving by natural selection. A similar result is achieved by applying this analysis to the proximal promoter sequences (Schulte, Gomezchiarri, and Powers 1997) from two northern and two southern populations (Fisher's exact test, P Ͻ 0.04).
All gaps, regardless of length, were scored as single characters. Spacing within the proximal promoter can affect the interactions between transcription factors, and small spacing differences can affect transcriptional processes (O'Shea-Greenfield and Smale 1992). Thus, reduction of each gap to a single character reduces the importance of gap length but retains the presence or absence of gaps as a single and potentially evolutionarily significant trait. However, even if all gaps are excluded from the analysis, the pattern of sequence variation is still significantly different from the pattern expected by random chance (P Ͻ 0.05). Cloning and sequence artifacts are not the source of polymorphisms, because all unique substitutions (singletons) were confirmed by reamplifying proximal promoters from genomic DNA and directly sequencing the PCR products. However, two of the fixed differences found in this study were not found by Schulte, Gomezchiarri, and Powers (1997) . The pattern of sequence variation is still significantly different from random expectation (P Ͻ 0.05) if only the fixed differences found in both studies are used. Thus, the pattern of variation among functional and nonfunctional regions of the proximal promoter most likely is due to natural selection. (Felsenstein 1981 (Felsenstein , 1996 and parsimony analysis (Swofford 1989) . Minor topological differences between methods exist in branches with less than 50% bootstrap value or with insignificant maximumlikelihood values. Percentage values (%) on phylogenetic trees represent bootstrap values (N ϭ 500). All bootstrap values greater than 50% are listed. Probabilities are maximum-likelihood values. The g-test and PTP probabilities provide measurements of the significance of topological structure (Faith 1991; Faith and Cranston 1991; Huelsenbeck and Hillis 1992) . The tPTP probability tests for specific monophyly, which is listed under each value (Faith 1991 ).
An indication of both the propensity to change and the direction of change can be determined by phylogenetic analysis (fig. 4) . The phylogenetic relationship between F. heteroclitus and F. grandis is established (Wiley 1986; Cashner, Rogers, and Grady 1992; Bernardi and Powers 1995) , allowing comparison among the three taxa: two populations of F. heteroclitus, with its sister taxon, F. grandis, as an outgroup. That is, the phylogenetic analyses provided here are not used to examine the well-established relationship between these sister taxa, but to examine how the functional and nonfunctional sequences affect the phylogenetic topology and to determine a derived state.
Analyses of the evolutionary relationships among
Fundulus species indicate that the northern Ldh-B proximal promoter is evolving due to directional selection ( fig. 4A-C) . This conclusion is based on phylogenetic analyses using parsimony (Swofford 1989 ) and maximum-likelihood methods (Felsenstein 1981 (Felsenstein , 1996 on three data sets: (1) the complete proximal promoter, (2) only the interspersed 100 bp that were defined a priori as functionally important (fig. 1A) , and (3) only nonfunctional sequences (approximately 211 bp). When using all of the proximal promoter sequence (fig. 4A) , the topology is similar those from to previous molecular analyses of F. heteroclitus populations (Powers et al. 1991; Bernardi, Sordino, and Powers 1993; Bernardi and Powers 1995) and agrees with the previously established phylogeny of the two species (Wiley 1986; Cashner, Rogers, and Grady 1992; Bernardi and Powers 1995) . When only the nonfunctional sequence is used ( fig. 4B ), F. heteroclitus forms a monophyletic group (tPTP, P Ͻ 0.01; Faith 1991) without any significant differences between heteroclitus populations: most southern sequences form a polytomy with all the northern sequences. With the nonfunctional sequences, the northern population is not a monophyletic group (tPTP, P Ͼ 0.1 ; Faith 1991) . This pattern of variation for the nonfunctional sequences is similar to the expectation of neutral evolution between species with populations that are not well isolated.
A very different evolutionary relationship results from using only the functional 100 bp ( fig. 4C ). When using the functional sequences, the northern population is significantly different from both the southern populations and its sister taxon, F. grandis: individuals from the northern population can be excluded from all other taxa (tPTP, P Ͻ 0.01). However, few nucleotides distinguish the southern population from its sister taxon F. grandis: F. grandis cannot be excluded from all southern F. heteroclitus individuals (tPTP, P Ͼ 0.2). Similarly, the branch between the southern node and the northern node is the only branch with a significant maximumlikelihood length and whose confidence interval does not include zero. Thus, the southern population has undergone few changes among the protein/DNA-binding sites (100 bp) that distinguish it from its sister species (F. grandis). Yet, the same 100 bp in the northern population represents a derived condition, with many unique nucleotides not shared by its southern counterpart or its sister species.
Discussion
Proximal Promoter Variation
The sequence variation in the Ldh-B proximal promoter is relatively large for a region of DNA that must bind transcription factors to initiate transcription. Approximately 10% of sites in the Ldh-B proximal promoter are variable based on the sequences from the two populations in this study. Nearly all of the variable sites described here, and several more, were found in a separate study of this same region (tables 1 and 2; Schulte, Gomezchiarri, and Powers 1997) . Using only polymor-phic sites found in both studies (i.e., excluding all unique polymorphic sites), 4.8% (15/311) of the sites are polymorphic. This is a lot of variation relative to the percentages of polymorphic sites among different populations of Drosophila melanogaster for the first Adh intron (1.7%; Kreitman 1983) , eve enhancer (0.87%; Ludwig and Kreitman 1995) , and G6pd (1.0%; Eanes, Kirchner, and Yoon 1993) and in F. heteroclitus for the fourfold-degenerate sites of the Ldh-B coding regions (1.5%; Bernardi, Sordino, and Powers 1993) .
Approximately 20%-26% (8/31 reported here or 6/ 31 [Schulte, Gomezchiarri, and Powers 1997] ) of the proximal promoter polymorphic sites are fixed differences between northern (Ͼ44ЊN) and southern (Ͻ32ЊN) populations. The percentages of fixed nucleotide differences (8/311 ϭ 2.6%) and of fixed differences per polymorphic site (8/31 ϭ 26%) are similar to those found among species of Drosophila in the Adh coding region (3.6% and 55%, respectively; Kreitman 1983) and to the percentage of fixed differences in the eve enhancer (1.8%; Ludwig and Kreitman 1995) . That is, there is as much variation between populations of F. heteroclitus as there is among species of Drosophila. These fixed differences between populations are not dispersed evenly; there are no fixed differences in regions that do not bind transcription factors (i.e., nonfunctional regions; fig. 3B and C) . This pattern of variation for the nonfunctional sequences is similar to the expectation of neutral evolution among populations that are not well isolated. Thus, the large difference within a species does not necessarily indicate isolation of northern F. heteroclitus populations or insipid speciation. Instead, we argue that this large difference is in response to directional selection acting on regions that affect transcription.
Sequence variation in proximal promoters in general, and in the F. heteroclitus Ldh-B proximal promoter specifically, may not have a significant effect on transcription (Schulte, Gomezchiarri, and Powers 1997) . The data presented here indicates the Ldh-B sequence variation could affect transcriptional processes: proximal promoters from northern populations effect a greater transcription rate than do southern proximal promoters when assayed in a teleost liver-derived cell line, and sequence variation in individual elements affects transcriptional processes ( fig. 1B-D) . Not all of the proximal promoter sequence variation affects transcriptional processes. Instead, only the variation in three protein/DNAbinding regions affects molecular assays of promoter strength ( fig. 1 ). Of this variation, only the fixed differences between populations appear to be important when proximal promoter strength is assayed by transient transfection into a liver-derived teleost cell line ( fig. 1B) . These molecular assays are relevant in that they identify sequences that bind transcription factors (see Results: Relevance of Molecular Assays). However, the effect of this sequence variation should be questioned, because (1) these assays ignore other upstream enhancer or transcription sites, and (2) the magnitude of the difference between populations is dependent on the cell culture system ( fig. 1B and D vs. C) .
Proximal Promoter Evolution
How does one know if proximal promoter sequence variation is important in its natural context? Evolutionary analyses that indicate that a molecular trait is evolving by natural selection could provide some evidence. Evolution by natural selection distinguishes between variation that produces biologically important phenotypic differences (differences that affect longevity, probability of survival, or reproductive fitness) and variation that produces functional but unimportant phenotypic differences (Endler 1986 ).
The molecular analyses support the supposition that there are three protein/DNA-binding regions and that the interspersed regions do not affect transcription. These data were used to test a specific a priori evolutionary hypothesis: that the sequence variation in protein/DNAbinding regions would be significantly different from those predicted by neutral evolutionary processes. Evolutionary and phylogenetic analyses of the Ldh-B proximal promoter in F. heteroclitus indicate that different evolutionary forces are acting on the functional and nonfunctional regions. The pattern of sequence variation (too many fixed differences in the functional regions between populations; fig. 3 ), combined with experimental assays, indicates that the three protein/DNA-binding regions are evolving by natural selection. The alternative explanation, that the nonfunctional regions are under stabilizing selection that reduces differences between populations but has allowed this region to change between species, is much less justifiable. That is, one would have to argue that the sequence variation in the protein/DNA-binding regions is effectively neutral and that the intervening (nonfunctional) regions are conserved to maintain function only within a species. The experimental evidence does not support this. Additionally, the large number of fixed differences between F. heteroclitus and F. grandis in the nonfunctional regions but not in the functional regions is difficult to reconcile with stabilizing selection. Thus, the proximal promoter sequence differences that can affect transcriptional processes (figs. 1 and 2) have a nonrandom pattern of sequence variation, and this pattern of variation is most likely due to natural selection.
Importantly, the sequences in the functional regions are a derived condition in northern proximal promoters ( fig. 4 ). This suggests that the northern proximal promoter has evolved by directional selection. We can speculate on the factors causing the directional selection on the northern Ldh-B proximal promoter. The most obvious factor is environmental temperature: the northern population is consistently subjected to temperatures more than 12ЊC colder than those for its southern counterpart. Temperature is an important selective factor affecting the expression of Ldh-B and other glycolytic enzymes among Fundulus species (Pierce and Crawford 1997a) . Thus, the pattern of sequence variation in the Ldh-B proximal promoter may be explained by directional selection on the northern proximal promoter effecting a change in enzyme expression, possibly due to the colder environmental temperatures.
These findings that demonstrate that variation in the Ldh-B proximal promoter is affected by directional selection are indicative that this variation produces functional and important phenotypic differences. Most likely, this sequence variation affects the transcription rate, which regulates enzyme concentration (Crawford and Powers 1992) . This leads to an interesting prediction: populations at intermediate latitudes that have intermediate concentrations of Ldh-B (Crawford, Place, and Powers 1990) should have proximal promoters with intermediate promoter strength with different combinations of the eight fixed nucleotides.
Populations and Evolutionary Change
Two evolutionary mechanisms that influenced how natural selection affected the proximal promoter sequence divergence could be (1) clinal selection along the coast or (2) selection on isolated northern populations and a breakdown of this barrier, followed by reintegration of the population to create the clinal variation in Ldh-B expression (Crawford, Place, and Powers 1990) . The lack of derived characters in the nonfunctional regions is not consistent with the latter hypothesis (isolation/reintegration). That is, if northern populations were isolated for a considerable amount of time and then were reintegrated with more southern populations, one would expect to find some fixed differences in the nonfunctional regions due to neutral evolutionary processes. This pattern of sequence variation is not seen; all northern individuals share the same polymorphisms with most southern individuals ( fig. 4B ). However, mitochondrial and Ldh-B cDNA data (Bernardi, Sordino, and Powers 1993) suggest that northern populations were isolated and that this isolation contributed much to the divergence between the extreme northern and southern populations. These two mechanisms are not mutually exclusive. There could be selection along the thermal cline. Isolation of the northern population for a few generations, along with directional selection, would then greatly increase the differences between northern and southern populations (Garcia Ramos and Kirkpatrick 1997). Thus, the combination of historical isolation and selection could explain the variations in divergence among biochemical traits.
Evolutionary Importance of TATA-less Promoters
Subtle variation in enzyme activity is adaptively important (Hochachka and Somero 1984) . For example, there is an adaptive increase of 22%-35% in the Michaelis-Menten constant, K m , among barracuda (Graves and Somero 1982) . In F. heteroclitus, the combination of kinetic variation and evolutionary and physiologically induced differences in expression alters Ldh-B activity by approximately threefold (Crawford and Powers 1989) . Most of this adaptive change in Ldh-B activity is due to a change in enzyme expression (Crawford and Powers 1989) . Adaptive change in enzyme expression may have a greater probability of occurring than change in enzyme structure that alters activity, because mutations in promoter regions are not constrained by codon usage or the effect of amino acid replacements on ter-tiary or quartenary structure of a protein. That is, amino acid substitutions that could have a positive effect on enzyme activity also may have negative effects on other attributes of an enzyme function. Promoter sequence variation affects only the linear array of nucleotides that may affect protein/DNA binding. Thus, there may be many more acceptable nucleotide substitutions that do not have negative epistatic interactions, and, individually or in combination, these substitutions could affect transcription. This hypothesis is supported by analysis of adaptive change among Escherichia coli isolates subjected to glucose-limited environments (Treves, Manning, and Adams 1998) . All six independent replicate populations of E. coli that evolved acetate cross-feeding polymorphisms adapted by overexpression of the enzyme acetyl CoA synthetase. Changes in the 5Ј regulatory region were responsible for all of these changes. The independent evolution of adaptive enzyme expression suggests that changes in transcription are evolutionarily more probable.
One region of DNA that could effect a subtle change in enzyme expression is the proximal promoter. Most genes have a single proximal promoter that must be used for all mRNA expression. Protein/DNA-binding sites in proximal promoters are responsible for formation of the preinitiation complex that is necessary for RNA polymerase activity. One of these binding sites, the TATA box, binds the essential TFIID protein complex and is critical for all mRNA transcription (Roeder 1991; Ernst and Smale 1995b) . For example, a point mutation in the TATA box is thought to be responsible for some cases of ␤-thalasemia (Antonarakis et al. 1984) . In TATA-less promoters, interaction among TFIID, SP1 proteins, and other proximal promoter transcription factors can effect subtle variation in expression (Wiley, Kraus, and Mertz 1992; Azizkhan et al. 1993; al-Asadi, Yi, and Merchant 1995; Yean and Gralla 1997) . This is in contrast to upstream enhancers/promoter elements responsible for developmental or tissuespecific patterns of expression. Upstream enhancers or tissue-specific regulatory elements are important in determining when or where a gene is expressed (Guarente and Bermingham-McDonogh 1992; Patel 1994; Ernst and Smale 1995a, 1995b; Novina and Roy 1996) . Typically, these regulatory elements effect a large (Ͼ10ϫ) difference in transcription, or ''on/off,'' scenarios. Sequence variation in these temporal and spatial control elements either results in disruption of function (Vincent and Wilson 1989; Gumucio et al. 1993 Gumucio et al. , 1994 Gumucio et al. , 1996 McKenzie, Hu, and Brennan 1994; Patel 1994; Ross, Fong, and Cavener 1994; Lowe and Wray 1997; Singh, Barbour, and Berger 1998) or, because of redundancy in these elements, has no appreciable effect (Fang and Brennan 1992; McKenzie, Hu, and Brennan 1994; Ludwig and Kreitman 1995) . This redundancy in regulatory regions may be a general phenomenon for enhancer or tissue-specific regulatory regions, as exemplified by the Drosophila Adh locus (Fang and Brennan 1992; Mc-Kenzie, Hu, and Brennan 1994) and the mammalian globin gene . The presence of a single proximal promoter at which sequence variation can ef-fect small changes in transcriptional processes may more likely evolve variation that affects subtle change in enzyme expression.
Other Ldh-B Regulatory Elements
Recently, an independent analysis of approximately 1.1 kb of the F. heteroclitus Ldh-B 5Ј regulatory regions (including the proximal promoter region) suggests that this 1.1-kb region is evolving by natural selection (Schulte, Gomezchiarri, and Powers 1997) . This conclusion is based on a comparison of the 1.1-kb upstream region with mitochondrial cyt-b and Ldh-B coding regions (HKA test [Hudson, Kreitman, and Aguade 1987] ) that indicated that the sequence variation significantly departs from random expectation. Although this analysis suggests that the 5Ј regulatory region is affected by natural selection, it does not support our conclusion that the variation in the proximal promoter affects transcription. Instead, Schulte, Gomezchiarri, and Powers (1997) suggest that a repressor (a glucocorticoid response element) upstream of the proximal promoter is responsible for the naturally occurring difference in transcription rates and thus is the target of selection. Their conclusion is based on molecular analyses of cell transfections in human kidney cell lines and injection of plasmid constructs into F. heteroclitus muscle (which expresses Ldh-A and not Ldh-B). They suggest that the difference in transcription is caused by a glucocorticoid repressor element in southern populations that is active at 20ЊC. They also predict that, due to the nature of the glucocorticoid repressor, at low temperatures the southern promoter would be derepressed and the difference in transcription would disappear (as suggested by acclimation affects on Ldh-B mRNA concentrations; Segal and Crawford 1994) . However, at low temperatures, the equal expression of Ldh-B mRNA between southern and northern populations is due to a reduction in the northern population's Ldh-B mRNA concentration (Segal and Crawford 1994) and not to a derepression of the southern promoter (Crawford, Pierce, and Segal 1998) . Their suggestion that the variation in expression is due to temperature affects on the glucocorticoid element also fails to explain why cardiac Ldh-B expression is different between populations but unresponsive to thermal acclimation Crawford 1997a, 1997b) . Although there are substantial data to suggest that the glucocorticoid repressor can be functionally important (Schulte, Gomezchiarri, and Powers 1997) , it is less clear under what circumstances it affects transcription. We argue above that different molecular analyses (e.g., transcription in different cell lines) may yield different results, and although these techniques provide evidence that a specific sequence can be functionally important, they do not demonstrate whether a sequence is biologically important.
Assuming there is a biologically important enhancer upstream of the proximal promoter in which the sequence variation affects transcription, how can one reconcile this with the observed biological importance of the proximal promoter presented here? One answer is that enhancers and proximal promoters affect transcrip-tion differently (Yean and Gralla 1997) . Enhancers may act to increase the probability of forming transcription complexes, while proximal promoters affect the longevity of the transcriptional complex and rate of reinitiation of transcription (Yean and Gralla 1997) . Thus, the biological importance of the proximal promoter does not exclude the importance of other enhancers or regulatory elements, but it does suggest that sequence variation in the proximal promoter can modulate the effects of these upstream elements.
Conclusions
The data provided here demonstrate that Ldh-B proximal promoter sequence variation (1) arose due to directional selection and (2) affects promoter activity and transcription-factor-binding affinity. Thus, the proximal promoter sequence variation that can affect transcription processes (figs. 1 and 2) also effects a phenotypic change that is subject to natural selection, and therefore this variation in the proximal promoter is biologically important. These results also suggest that natural selection acting on northern populations of F. heteroclitus may explain some of the clinal variation in this species.
